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Climate changeClimate changewith rising sea levels and possible changes in surge levels and wave climate will have a large im-
pact on howwe protect our coastal areas and cities. Here the focus is on estuarine locations not only affected by
tide and surge propagation, but also potentially inﬂuenced by freshwater discharge. Mitigation measures might
be diverse ranging from pure hard ‘engineering’ solutions all the way to signiﬁcant realignment. The variation in
the type/origin and extent of the ﬂood sources greatly inﬂuences subsequent risk management measures. At the
same time, society is increasingly demanding that we take a holistic view on risk management, embracing and
balancing safety, ecological and socio-economic aspects. This requires that all these diverse factors need to be
considered together and integrated. In this context, the Source–Pathway–Receptor (SPR) approach offers a pow-
erful holistic tool to investigate changing risk connected to extreme events.
The traditional SPR approachwith a consecutive treatment of the ﬂood, pathway and receptor iswell understood
and is widely used in coastal ﬂood risk analysis. Here an enhanced 2D conceptual version of the SPR method is
used to better describe the system and to allow ﬂexibility in considering multiple scales, ﬂood sources and path-
ways. The new approach is demonstrated by three estuarine case studies inwestern Europe: theGironde estuary,
France; the Dendermonde region in the Scheldt estuary, Belgium; and HafenCity (Hamburg) in the Elbe estuary,
Germany. They differ considerably in the surface area considered, in the type of ﬂood sources, and hence also in
the SPR conﬁguration. After a brief introduction of the typical characteristics of the three study sites including
some lessons learned from past ﬂood protection measures, the differences in application and results of the SPR
approach are discussed. Emphasis is on the speciﬁc aspects for each study site, but embedded in a generic SPR
framework. The resulting generic lessons learned about the ﬂood sources and how this shapes subsequent anal-
ysis are transferable to numerous important estuaries worldwide.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
Estuaries and coastal areas are ecologically rich, often densely popu-
lated and of vital economic and social importance across Europe and the
world. They are directly affected by sea-level rise, leading to higher ex-
tremewater levels. Also other aspects of climate changemay have a sig-
niﬁcant additional impact on coastal ﬂood risk (positive or negative).
Possible changes in atmospheric circulation, related sea level pressure
patterns and wind climate may result in changes of (extreme) wave
conditions and storm surges. Typically estuaries combine threats from
the terrestrial and the ocean side. The effects of changes in sea level in-
teract with changes in rainfall and evapotranspiration patterns andonbaliu).
ghts reserved.
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1.001consequent inland run-off in a non-linear way. The tide propagation
characteristicsmay be altered and the locationwhere a negative impact
occurs is not necessarily at the location of the change. In addition, non-
climate effects may be important such as localized subsidence of low-
lying land (increasing potential ﬂood depths and hence ﬂood conse-
quences) and capital dredging for navigation which will increase
water depths and allow the tide and surges to propagate further up-
stream. Winterwerp (2013) gives 5 examples of 5 European ports
(Antwerp on the Scheldt, Bremen on the Weser, Hamburg on the Elbe,
Nantes on the Loire and Papenburg on the Ems) situated more than
50 km from the mouth of the estuary where the tidal range has in-
creased in the last 100 years due to deepening and canalization. The in-
crease of tidal range necessarily needs to have an effect on low and/or
high water levels but to which extent high waters increase and lowwa-
ters decrease depends on the shape of the estuary (Van Rijn, 2010,der climate change: Lessons fromWestern Europe, Coast. Eng. (2014),
2 J. Monbaliu et al. / Coastal Engineering xxx (2014) xxx–xxx2011).Wherever the site, all these factors need to be considered and the
Source–Pathway–Receptor–(Consequences) SPR(C)methodology facil-
itates such an approach (Evans et al., 2004; Narayan et al., 2012, this
volume). The C (Consequence) part of the SPRC methodology falls out-
side the scope of this paper andwill –with the exception of the Gironde
study site – not be discussed in detail.
The only certainty of what the future will bring us is uncertainty. Ex-
ploring this uncertainty is now widely accepted as good practice to
study potential impacts of climate change, to investigate the effect of
different mitigation options and to develop appropriate management
plans. Global and regional climatemodel studies incorporate uncertain-
ty in their model output through ensemble modeling, either through a
perturbation of physics approach of an individual model or through en-
sembles of different models, illustrated by Lowe et al. (2009) and
Grabemann and Weisse (2008), respectively. Weisse et al. (in press)
give an assessment of the climate projections at the THESEUS study
sites, including those considered in this paper.
This paper demonstrates the application beneﬁts of the SPR(C) ap-
proach to investigate the possible impact of climate change on three
speciﬁc areas that are situated in large European estuaries, with a
focus on ﬂood sources. For the Scheldt estuary the area of Dendermon-
de, Belgium, is chosen because of its particular sensitivity to the com-
bined effect of rainfall-induced runoff (upstream discharge) and
downstream surge levels including sea-level rise (Ntegeka et al.,
2012). Surge levels, sea level rise and rainfall are all potentially affected
by climate change. HafenCity inHamburg on the Elbe, Germany, is an at-
tractive residence and commercial area developed outside the dikes on
an old port area and hence the impacts of increased water levels be-
cause of sea level rise and storm surges are directly and immediately
felt. For the Gironde, France, the area downstream of Bordeaux is con-
sidered. The ﬁrst two case studies consider rather small areas more up-
stream the estuary. In contrast, the Gironde case has a much larger
extent both in space as in terms of variety of challenges. Contrary to
the other sites, it also contains the lower part of the estuary where
next to sea level rise and storm surge, also wave action is important.
Although the three sites are nearby in planetary terms, it proved im-
possible in practice to use the same tools and to come up with a homo-
geneous set of climate scenarios. The difference in traditions (existing
ﬂood protection plans and ﬂood protection philosophy and strategy),
in historical choices (choice of values for sea level rise by local stake-
holders or decision for urban development outside the existingdike sys-
tem as in HafenCity), in system characteristics (small versus large
spatial scale, differences in dominant ﬂood sources), in previous experi-
ence and knowledge (existing hydrodynamic model implementations,
previous experience with climate scenario's for rainfall-run-off in the
Dender basin) and in stakeholder needs at the different study sites
(e.g. implementation of a Decision Support System for the Gironde dur-
ing the THESEUS project, added value of combined rainfall-runoff and
tide-surge climate scenarios study for the Dendermonde area), led to
differences in the details of the climate scenarios used including differ-
ences in the assumption on sea level rise and difference in the tools (hy-
drodynamic and wave models) used. Details about this are given when
describing the different sites. It can however be considered a strength of
the SPR(C) approach is that it on the one hand could still be applied and
on the other hand added insight in the risk assessment notwithstanding
the various spatial scales and different amounts of detail in each of the
study sites.
2. The SPR approach
The Source–Pathway–Receptor (SPR) approach is a well understood
and widely used approach in coastal ﬂood risk analysis. It was ﬁrst
adopted from pollution studies by the Foresight Future Flooding project
in the UK and has been used in several ﬂood risk assessments since
Evans et al. (2004). The traditional use of the approach is a straightfor-
ward consecutive (1D) treatment of the coastal ﬂoodplain, consistingPlease cite this article as:Monbaliu, J., et al., Risk assessment of estuaries un
http://dx.doi.org/10.1016/j.coastaleng.2014.01.001of a ﬂood source leading through pathways to ﬂood receptors. In this
paper an enhanced 2D conceptual version of the SPR method is used
to better describe the system and allow ﬂexibility in considering multi-
ple scales, ﬂood sources and pathways (Narayan et al., 2012, this
volume). The approach towards the application of this conceptual
model was the same for all three estuaries: a large-scale SPR model ap-
plied to the estuary as a whole provides a way to identify main units
within the estuary, and a more detailed small-scale SPR model for the
speciﬁc unit of interest. In the Scheldt estuary the SPR results on the af-
fected areas are compared with existing ﬂood maps. In the Gironde, the
SPR methodology is linked to a full-scale Decision Support System that
maps and quantiﬁes risk.
The 2D SPR model diagrams for each site are built for the natural
ﬂoodplain of themaximumconsidered event. This can be donemanual-
ly using e.g. Microsoft Publisher 2010, a standard program in Microsoft
Ofﬁce 2010, but can also be automated in a GIS environment. From
these diagrams, system-level information is extracted about each ﬂood-
plain and its ﬂood sources. One such metric that is described here is the
relative exposure of ﬂoodplain elements. The elements are classiﬁed in
terms of exposure based on their distance away from the ﬂood source
expressed in number of links. Elements that are less than two links
away from the ﬂood source— i.e., elements that have one or zero inter-
vening elements between themselves and a ﬂood source, are classiﬁed
as exposed. Elements further than two links away from sources are
termed ‘far elements’. The choice of two links is an arbitrary choice to
differentiate element exposure, based on the reasoning that in most
urban ﬂoodplains the ﬁrst element encountered would function as a
ﬂood defense. The validity of this assumption should be veriﬁed for
each study site. In this paper we have limited the discussion to two
links. Three aspects of theﬂoodplain are analyzed in each site: a) the rel-
ative percentages of different land-uses across the most exposed ele-
ments; b) the average number of ﬂood sources per ﬂoodplain element
and; c) the critical direction of ﬂooding corresponding tomaximum ex-
posure of ﬂoodplain elements.
The direction of ﬂooding is calculated based on ﬂood source —
ﬂoodplain element links as follows:
1. Using a coordinate systemwith the regular convention of N–S as the
y-axis and the center of the ﬂoodplain as the origin, the ﬂood sources
are categorized as North (N), South (S), East (E) or West (W).
2. The number of ﬂoodplain elements exposed to each source is tallied.
Only ﬂoodplain elements atmost two links away from the source are
taken into consideration. The numbers obtained are used to calculate
the coordinates of a point: the x-coordinate being the difference be-
tween W vs E and the y-coordinate the difference between N vs S.
3. The critical direction of ﬂooding is estimated as the angle of the arc-
tangent line from the origin to the calculated point. Since the ﬂood
sources are discretized into North, South, East or West in the SPR,
the dominant ﬂood direction indicates the predominant source in
terms of the number of linked, exposed ﬂoodplain elements. Note
that this is a way to visualize the dominant ﬂooding direction
(ﬂood source) but that the resulting direction is not connected to
real world co-ordinates.
To illustrate the procedure, we refer to Fig. 6 for a simple example. In
this example there are seven ﬂoodplain elements and two sources.
Source S1 (North) is connected to four ﬂoodplain elements that are
maximum two links away: ﬂoodplain elements 24, 25 and 26 are 1
link away and ﬂoodplain element 27 is two links away. Source S2
(East) is connected to seven ﬂoodplain elements: ﬂoodplain elements
26, 27, 28, 29 and 30 are 1 link away and ﬂoodplain elements 25 and
24 (linked via element 27) are two links away. The arctangent of 7
pointing west and 4 pointing south, gives a dominant ﬂood direction
of 240° from North.
Extreme coastal water level is a key parameter for assessing coastal
ﬂood risk and changes in the future climate. It is the superposition of a
slowly changing mean sea level, astronomical tides and storm inducedder climate change: Lessons fromWestern Europe, Coast. Eng. (2014),
3J. Monbaliu et al. / Coastal Engineering xxx (2014) xxx–xxxsurge.1 River ﬂow and waves are, depending on the local situation, two
other possible sources of ﬂooding in an estuary. The inﬂuence of river
ﬂow rate will depend on the ratio between tidal ﬂow and river ﬂow. It
will be important in those locationswhere freshwater exchange is con-
siderable with respect to the tidal exchange ﬂow. Waves inﬂuence
ﬂooding by set-up and overtopping/breaching mechanisms. They can
become important in situations where there is a large fetch which is
typical in the downstreamparts of an estuary. All these are called source
drivers in the SPR approach:
1. Mean sea level — the effect of mean water level change on extreme
water level change. Note that where land movement is thought to
be an important coastal process, it could be treated as a separate
Source Driver and added to the effect of climate-induced oceanic
changes. Sea level rise (SLR) due to climate change was found to be
relevant in all three sites.
2. Wave height — the direct change in extreme wave height due to
changing wind characteristics and the indirect change due to depth
change produced by mean sea-level change described above.
3. Surges— the change in extreme sea level due to direct change in the
surge component caused by changing storm characteristics (this is
separate from the effect of mean sea-level change).
4. River ﬂow— the change in extreme river volume/ﬂow due to change
in inland precipitation, if appropriate.
3. The Scheldt estuary
3.1. Current characteristics
The Scheldt estuary is part of the Scheldt basin (Fig. 1). The estuary is
characterized by a multi-channel system in the downstream part with
many sandbanks. More upstream it is a one channel system. The inter-
tidal areas are of high nature value, with potentially high primary pro-
ductivity. Migrating birds are therefore attracted to this excellent
habitat. The Scheldt also serves as shipping route to the major harbor
of Antwerp. The part of the estuary in The Netherlands is essential
rural, whereas its part in Belgium is more densely populated and
known for its intense industrial activities. From themouth of the Scheldt
near Vlissingen in the Netherlands, the tide propagates 160 km to
Ghent in Belgium, where it is artiﬁcially stopped by a lock weir. Due to
the geometric characteristic of the estuary the tidal amplitude increases
all the way to Rupelmonde (by a factor around 1.4 some 15 km up-
stream of Antwerp at km 110 from themouth). From there the ampliﬁ-
cation factor decreases to become approximately 1 near Dendermonde
(at km130) and then further decreases until Ghent (ampliﬁcation factor
of 0.55 at km 160 from the Vlissingen mouth) (Van Rijn, 2010, 2011).
3.2. History and functions
Land reclamation starting in the middle ages, capital and mainte-
nance dredging on behalf of navigational needs and sea level rise have
continuously increased tidal range and storm surge levels. For example
themean tidal range has increased bymore than 1 mbetween 1900 and
2010 (from 4.4 to 5.3 m in Antwerp; Van Rijn, 2010, 2011). The largest
portion (roughly 75%) of this increase in tidal range is seen as an in-
crease in mean high water level, the remaining part (about 25%) is
due to lowering of themean lowwater level. The location of the highest
mean water level has also moved upstream. VNSC (2010) has included
water level as an indicator for assessing safety againstﬂooding and gives
detailed curves regarding the changes in high and low water levels
along the estuary. More detailed physical interpretation using the theo-
retical principles of tide and tide propagation theory can be found in
Pieters et al. (2005). Several important ﬂoods have hit the area. Still in
recent memory are the disastrous ﬂood of 1953 mainly in the1 Astronomical tides are assumed unchanged.
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http://dx.doi.org/10.1016/j.coastaleng.2014.01.001Netherlands and the ﬂood of 1976 which mainly hit Flanders. They led
to the major coastal defense plans of the Delta Works in the
Netherlands, completed by the installation of the storm surge barrier
(Maeslandkering — used for the ﬁrst time in 19972 on the Nieuwe
Waterweg (Rotterdam area) and to the implementation of the Sigma
Plan in Belgium. Execution of such plans takes decades, and these coast-
al defense plans have been revised along theway. The original intention
of theDeltaworkswas the closure of allmouths (except for theWestern
Scheldt). Largely due to ecological pressure, plans for the Eastern
Scheldt were changed by building a gated storm surge barrier. Also
the original Sigma Plan has been revised fairly recently based on a social
cost beneﬁt analysis, and new insights based on the creation of room for
water (ﬂood areas) have been integrated with the need for safety, na-
ture and economic activity. Largely because of the economic activities
in the harbor of Antwerp the fairway has been deepened and widened
(most of it since 1970). In order to deal with the complex management
of this estuarine system with on ﬁrst view opposing interest of nature
development, safety and economic development, there is an interna-
tional Flemish–Dutch Scheldt Commission. A long term vision 2030
and an intensive monitoring strategy have been worked out to follow
up on a set of indicators (LTV 2030; VNSC, 2013).3.3. Fresh water input
The Scheldt basin is a relatively small catchment (nearly
22,000 km2). Polder areas that drain directly into the sea are part of
the basin but do as such not contribute to the discharge of the Scheldt.
The Scheldt river itself has an average discharge of about 120 m3/s.
This is small in comparison with the tidal discharges at the mouth.
Therefore fresh water ﬂow does not inﬂuence water levels towards
the downstream end. However more upstream the combination of
high rainfall-runoff discharges and high tidal water levels may be im-
portant. This is particularly the case for the Dendermonde area (Fig. 1)
where the combination of both leads to higher risk levels.3.4. Climate change scenarios
Three future climate scenarios were selected for impact studies for
theDendermonde region in the 2080s: i) an extreme scenario (S1) com-
bining an extreme SLR of 2 mwith an increase in surge levels of 21% and
an increase of 30% in upstream ﬂow discharges; ii) a high scenario (S2)
only differing from the extreme in the assumption on SLR (now set at
0.6 m); and a mean scenario (S3) where a SLR of 0.6 m is combined
with a more moderate estimate of 6% for the surge levels and 16% for
the upstream ﬂow discharges. For the Dendermonde area in Scheldt es-
tuary both rainfall-runoff and tide-surge propagation are important
sources for ﬂooding risk. These scenarios result from considerable expe-
rience with possible effects of climate change on rainfall-runoff for the
Dendermonde area. They are based on detailed analysis and downscal-
ing of PRUDENCE, ENSEMBLES and CERA databases containing several
global and regional climate models and scenarios (see Ntegeka et al.,
2012; Weisse et al., in press, for more details). Running all of these sce-
narios is impossible or at least very impractical for further detailed anal-
ysis. Therefore a reduced set has been used to do the detailed
hydrodynamic model calculations and in depth analysis. In this case
study the existing experience of possible future climate effects on
rainfall-runoff, has been extended with original work on possible cli-
mate effects on surge and surge propagation in the Scheldt estuary.
The extension takes into account the correlation between surge and
rainfall in the different scenarios used.2 http://www.rijkswaterstaat.nl/water/feiten_en_cijfers/dijken_en_keringen/
europoortkering/maeslantkering/.
der climate change: Lessons fromWestern Europe, Coast. Eng. (2014),
Fig. 1. The Scheldt basin district and the location of the Dendermonde area.
Adapted from International Scheldt commission.
4 J. Monbaliu et al. / Coastal Engineering xxx (2014) xxx–xxx3.5. Flood protection and hazards
The focus here is on theDendermonde section of the Scheldt estuary
only, a small area of some 30 km2. However, the area is ﬂood prone area
at the conﬂuence of the Scheldt river and its main tributary river, the
river Dender. The Dender and Scheldt water levels are in that area inﬂu-
enced by the bi-directional interactions that exist between both rivers.
There aremany dense urban subareas and infrastructures in that region,
whichmakes the region very vulnerable toﬂooding (Fig. 2). The Dender
has very strong temporal river ﬂow ﬂuctuations. It is a river that re-
sponds very quickly to rainfall over the upstream catchments. In
Dendermonde, theﬂow can be as low as 10 m3/s in dry summer periods
and can rise to more than 100 m3/s in wet winter periods. To improve
navigation, the tidal effects downstream the Dender were reduced by
a lock weir, built at Dendermonde mid-19th century, and the river
was canalized (starting from the 17th century) by several other lock
weirs along the river. During high tide, the weir of Dendermonde is
closed and together with twomoreweirs upstream, carefully regulated.
During high tide periods, the upstream ﬂow volumes are stored in the
river stretches between theweirs. The river stretches act then as storage
reservoirs. The stored volumes are released during low tide periods to
the Scheldt, however still maintaining minimum water levels. During
periodswith extremely high tidal levels in the Scheldt and/or extremely
high upstream Dender ﬂows, ﬂoods can occur due to: i) Scheldt levels
exceeding the Scheldt dike crests (or breaching), or ii) water storagePlease cite this article as:Monbaliu, J., et al., Risk assessment of estuaries un
http://dx.doi.org/10.1016/j.coastaleng.2014.01.001along the Dender exceeding the river's storage capacity (Dender dike
overtopping). The latter can be due to prolonged high tidal levels
(hence long closure of the downstream Dender weirs), or high up-
stream Dender ﬂows, or to both effects combined.
3.6. Hydrodynamic and ﬂood model
In order to translate changes in downstream surge levels including
SLR and changes in upstream discharge to changes in river water level
and inundation related variables, a technical translation is needed in
the form of a hydrodynamic or conceptual river model accompanied
with an inundation model. For the river part, two types of models
were considered: i) a full hydrodynamic model of the Scheldt and
Dender rivers, implemented in the MIKE11 modeling platform of DHI
Water & Environment; ii) a simpliﬁed conceptual river model for 7
points along the Scheldt and 3 points along the Dender, following the
spatial discretization of the ﬂood sources (hydraulic loading) in the
SPR framework. For translating the river water levels simulated with
those models to inundation related variables (inundation levels, spatial
extent), the same two types of models were considered: (i) a quasi-2D
ﬂoodplain model, implemented in the MIKE11/MIKE-GIS platform,
where the ﬂood plains along the river are represented by a network of
ﬂood branches and spills. The spill levels are determined by the topo-
graphical elevations in contrast to the ﬂood branches which are topo-
graphical depressions (Willems et al., 2002; Willems, 2013); ii) ader climate change: Lessons fromWestern Europe, Coast. Eng. (2014),
Fig. 2. Aerial view of the Dendermonde area located at the conﬂuence of the rivers Scheldt and Dender.
5J. Monbaliu et al. / Coastal Engineering xxx (2014) xxx–xxxsimpliﬁed conceptual inundation model, considering the pathway ele-
ments in the SPR framework. In both cases, the simpliﬁed model was
calibrated to the full hydrodynamic model. The full hydrodynamic
model allows us to consider the most relevant physical processes,
whereas the conceptual model has a reduced computational time and
is better suited for integration in the SPR framework. The conceptual in-
undation model uses a linked-storage-cell approach where eachFig. 3. Land use map of th
Please cite this article as:Monbaliu, J., et al., Risk assessment of estuaries un
http://dx.doi.org/10.1016/j.coastaleng.2014.01.001element of the SPR is considered as a reservoir with an average eleva-
tion and a storage volume based on a storage depth variable which is
used to calibrate the model. Flood water from the source(s) is spread
across the ﬂoodplain through these elements until all the elements are
full. The method is simple and provides rapid, basic information on
ﬂood extent and depth. The accuracy of the model is dependent on
the resolution of the 2D SPR elements.e Dendermonde area.
der climate change: Lessons fromWestern Europe, Coast. Eng. (2014),
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The 2D SPRmodel for the Dendermonde area is built using two basic
inputs: a map of the ﬂoodplain indicating the maximum ﬂood extent
and the constituent land-use polygons and a digital elevation model.
The digital elevationmodel is used to record data on polygon elevations
for use in the quantitative SPR analyses. The land-usemap is typically to
be created by the users. This gives these users ﬂexibility in deﬁning spe-
ciﬁc ﬂoodplain elements of non-local scale resolution that are known to
be relevant to ﬂood riskwithin theﬂoodplain, such as defense elements,
natural coastal elements or inland features such as roads or pumping
stations. Fig. 3 shows the land-use map for the Dendermonde area.
The construction of the 2D SPR is ﬂexible in terms of data require-
ments and element representation. The detail and type of elements rep-
resented reﬂect existing knowledge of the ﬂoodplain.While a degree of
spatial representation is maintained to be able to map the elements
onto a ﬂoodplainmap, the key aspects that are preserved in the SPR sys-
tem diagram are the topology and links. Elements can be modiﬁed and
links added or removedwhen this knowledge is improved. For instance
a link may be added between non-adjacent critical infrastructure ele-
ments, such as a power plant and a pumping station. The combination
of the digital elevationmodel (DEM)with the 2D SPR serves as an effec-
tive way of ensuring that key ﬂoodplain elements are not missed due to
resolution issues. Furthermore, since all mapped elements are repre-
sented in the model, assumptions about individual elements become
explicit to users. Note that the system diagram presented here is manu-
ally constructed from a GIS-based land-use map. 2D SPR construction
for this site has also been automated in ArcGIS for subsequent integra-
tion with ﬂood mapping models. However a manually constructed
mapwas found to be better for visualization and to facilitate a participa-
tory mapping approach.Fig. 4.Dendermonde city 2D SPR system diagram (red coordinates, arrows and text indicate cri
reader is referred to the web version of this article.)
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The 2D SPR in Fig. 4 represents part C of the Dendermonde area in
Fig. 3. It highlights the twoﬂood sources to theDendermondeﬂoodplain
elements. It contains the area to the South of the Scheldt and to the East
of the Dender in Fig. 3. Most elements are directly exposed to one
source, though the maximum is two. The dominant ﬂood direction is
66° below theW–E axis indicating the slight dominance of the northern
source over the western source in terms of number of ﬂood source —
ﬂoodplain element links. Fig. 5 shows the relative percentage distribu-
tions of the different land-uses classes across the exposed elements.
As it is situated on relatively high ground, the frequency of ﬂooding
is rather limited for the city of Dendermonde. It is relatively safe from
ﬂooding. However, if ﬂoods occur, the consequences are severe. The
2D SPR makes assumptions explicit and structures understanding of
the complex Scheldt-Dender system, the different ﬂood sources and
pathways (as described above) and the interactions. Since ﬂooding in
Dendermonde is driven predominantly by elevation rather than land-
use, the 2D SPR by itself did not add knowledge regarding the ﬂood
risk. The construction of the 2D SPR did, however, provide knowledge
regarding regional differences and severity of the consequences. For ex-
ample, the region to the south-west of the Scheldt-Dender conjunction
(part B in Fig. 3)was highlighted in the SPR and theﬂoodmodel as being
more ﬂood-prone. Though the land-use map shows this ﬂoodplain to
contain assets of relatively lower economic value (Fig. 3). The DEM
identiﬁes the ﬂoodplain as lying below river ﬂood levels therefore mak-
ing it more susceptible to ﬂooding. The 2D SPR for this ﬂoodplain area is
shown in Fig. 6.
This SPR conceptual model represents elements across a wide range
of spatial resolution — as small as 15 m for the road and as large as
2000 m for the agricultural areas. The ﬂoodplain extent as well astical ﬂood direction). (For interpretation of the references to color in this ﬁgure legend, the
der climate change: Lessons fromWestern Europe, Coast. Eng. (2014),
Fig. 5. Land-use distribution of exposed elements in the Dendermonde city ﬂoodplain
from the 2D SPR (far elements are considered less exposed and their division in terms of
land use is omitted).
7J. Monbaliu et al. / Coastal Engineering xxx (2014) xxx–xxxelevations are less than that of Dendermonde city. All ﬂoodplain ele-
ments are directly connected to at least one ﬂood source and are ex-
posed on average to 2 ﬂood sources, compared to the average of one
source per element for Dendermonde city. The agriculture element in
the north is seen as most critical since it forms the pathway to four
out of the six ﬂoodplain elements. Adequate measures preventing the
agricultural element 27 from acting as a ﬂood pathway can therefore ef-
fectively serve as ﬂood protection for the surrounding linked ele-
ments. From the DEM it can be seen that the road and urban areas
are safe from ﬂood levels less than 3 m. This 2D SPR was constructed
relatively quickly and provides more insight than a basic bath-tub
model, structuring understanding of the ﬂoodplain system and its
relationship to the ﬂood sources. This understanding can then in-
form and direct scenario selections in more detailed numerical inun-
dation modeling.Fig. 6. 2D SPR for the ﬂoodplain to the south
Please cite this article as:Monbaliu, J., et al., Risk assessment of estuaries un
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4.1. Current characteristics
The Elbe River reaches from the KarkonoszeMountains in the Czech
Republic to the German Bight, North Sea. With a length of about
1094 km and a catchment area of 148,268 km2 the Elbe River is one of
the major rivers in Europe. The tidally inﬂuenced part, the Elbe estuary,
extends from the tidal weir in Geesthacht to the North Sea and has a
length of about 142 km (see Fig. 7).
The hydrodynamics in the German Bight dominate the hydrody-
namic and morphodynamic processes in the Elbe estuary. The ampli-
tudes and phases of the North Sea tides are heavily modiﬁed by the
basin bathymetry and already get deformed by the reﬂection in the
German Bight (Fickert and Strotmann, 2007; Nichols and Biggs, 1985).
As a result of the interplay between the external forcing and the geo-
metrical and topographical characteristics of the system, storm surges
within an estuary exhibit a more complex behavior than at the open
coastline. For the Elbe estuary the most important inﬂuences are those
from the seaward boundary, e.g. tides, wind set-up, external surge,
long-term sea level rise and to a lesser extent the freshwater runoff at
the head of the estuary, mainly for the innermost part of the estuary be-
tween the weir and Hamburg.
Themain characteristics of the estuary,which inﬂuence thedevelop-
ment of a storm surge are:
• geometry of the estuary (length, depth, width, cross-sections) and
roughness;
• civil engineering works (dikes, weirs, barriers, cutting off of tribu-
taries);
• local modiﬁcations of the wind ﬁeld.
4.2. History and functions
Diking, deepening and loss of intertidal area have led to amarked in-
crease in maximum storm surge water levels along the estuary of 0.2 m
to 1 m from the 1950s to the 1980s. This is accompanied by an increase-west of the Scheldt-Dender conﬂuence.
der climate change: Lessons fromWestern Europe, Coast. Eng. (2014),
Fig. 7. Hamburg HafenCity within the Elbe estuary. (Source: Brockmann Consult, (c) 2003).
8 J. Monbaliu et al. / Coastal Engineering xxx (2014) xxx–xxxof the difference of maximum water levels in Hamburg and at the
mouth of the estuary (Cuxhaven) by some 0.6 m and a decrease of
propagation time of the storm surge from Cuxhaven to Hamburg by
1 h (Fickert and Strotmann, 2007). During the 1962 ﬂood extended in-
undations occurred in Hamburg, after which massive investments in
coastal defense infrastructure were made; dykes were raised to
7.20 m above German datum (NN (Normal Nul) = mean sea level
around 1900). Due to advanced investigations and reviews dykes
were raised further to a level between 8 m and 9.3 m above German
datum beginning in the 1990s. Since 1962 several high storm surges oc-
curred with heights between 5.5 m and 6.5 m above German datum,
but only resulting in minor damages (Rohde, 1971).
The natural development of the estuary, including the adjustment to
sea level rise, was interfered with by canalisation and the construction
of controls such as dikes and barriers. Without such interference, the
marshlands would have increased across the whole cross section.
Dewatering the land behind the dikes led to consolidation.With the ab-
sence of sedimentation the hinterland ground level could not rise to
match the rate of the constantly rising water level of the Elbe River.
The drainage of the hinterland has become more and more difﬁcult.
Since 1950 foreshore areas and ﬂood plains of the Tidal Elbe River were
reduced by 180 km2. Andwith the construction of river barriers, the fore-
shore areas of the tributarieswere also no longer available as ﬂood plains.
This meant that even more ecologically valuable intertidal areas had dis-
appeared. Although some measures within the mouth of the estuary
helped to restrict storm surges, Siefert and Havnoe (1988) showed that
all diking measures together led to an increase of the maximum peak
water level of almost half a meter at Hamburg during storm surges.
Apart from the historic development of coast protection and the cut-
ting off of the tributaries by constructing barriers, the Tidal Elbe River
has also seen large-scale changes as an important navigable waterway.
As a result of the industrialization and the growing needs of a changing
merchant ﬂeet at the beginning of the 20th century, river engineeringPlease cite this article as:Monbaliu, J., et al., Risk assessment of estuaries un
http://dx.doi.org/10.1016/j.coastaleng.2014.01.001measures were necessary. These included the construction of training
walls, alteration of cross-sections and the expansion of the ports of
Hamburg, Cuxhaven, Brunsbüttel and Stade. These added to the natural
changes in hydrodynamics over several centuries such as expanding
channels, formation of new channels, migration of channels, sea level
rise and those induced by geological and meteorological changes.
The hydrodynamic development of the tidal parameters is therefore
characterized by an increase in the highwater level and a decline of the
lowwater level. This development is more signiﬁcant further upstream.
Along the estuary the maximum tidal amplitude is attained at the tide
gage St. Pauli in Hamburg. The current avarage is about 3.6 m.
150 years ago the tidal range was about 2.0 m in St. Pauli (Fig. 8). The
increase in tidal range is mostly due to the decline of the low water
level making up about 2/3 of the variance. Note that this is different
from the Scheldt estuarywhere the increase in tidal amplitude ismostly
visible as an increase of the high water levels (see Section 3.2).
4.3. Fresh water input
The freshwater inﬂow from the catchment varies throughout the year,
with maximum values generally in spring (N1500 m3/s) and minimum
values in summer or autumn (b300 m3/s). The long-term mean of the
freshwater run-off is about 709 m3/s (Deutsches Gewässerkundliches
Jahrbuch, 2008). Although there is a considerable variation in fresh
water discharge [minimal discharge: 145 m3/s (1947) and maximal dis-
charge 3630 m3/s (1940)], the effect on water-levels in the receptor
area amounts to only some 10–15 cm, which is only 2.5% of the maxi-
mum storm surge contribution of 5.0 m.
4.4. Climate change scenarios
For the Elbe study site, only the IPCC scenario A1B is evaluated. Fol-
lowing Weisse et al. (in press) a sea level rise in the German Bight ofder climate change: Lessons fromWestern Europe, Coast. Eng. (2014),
Fig. 8. Development of the mean high water and mean low water as annual values and 19-year-average values at the tide gage St. Pauli in Hamburg.
Source: Hamburg Port Authority.
9J. Monbaliu et al. / Coastal Engineering xxx (2014) xxx–xxx30 cm(2025), 50 cm (2055) and 90 cm(2085) is assumed. In this often
used scenario there will be no signiﬁcant changes (exceeding the natu-
ral variability) in waves and surges. The river ﬂowwill not signiﬁcantly
be altered, but its seasonality will change (higher ﬂow in winter, lower
in summer). For the receptor area of HafenCity inHamburg only the sea-
level risewill give a higher ﬂood risk in the future. For this study site the
1/100 year event is considered as the extreme event.
4.5. Flood protection and hazards
Flood protections in the Elbe estuary are designed for a predicted
storm surge in the year 2085 including climate changes (see
Section 4.4). Since the receptor area HafenCity is located 100 km up-
stream of estuary mouth, it is quite sheltered from wave action and is
mainly affected by storm surges. The HafenCity district is located be-
tween the main Elbe river and the public ﬂood protection line along
the river banks (Fig. 7) and its surface area is only a couple of square
kilometers. The elevation of the area ranges from +4.4 m to +7.2 m
above German datum, and is thus within the potential ﬂooding area of
the Elbe.
The conversion of the harbor areas into an inner city quarter is still in
the construction phase and requires the development of structural and
organizational solutions to protect people and buildings from ﬂooding
and also requires the listing of routes that enables the ﬁre and rescue
services to gain unlimited access in the event of ﬂooding. Therefore it
was decided to apply a new ﬂood protection concept, putting new
buildings on dwelling mounds well above the highest expected ﬂood
level. A previous study indicated a required minimum level of +7.5 m
above German datum of the dwelling mound. The ﬂood protection of
single buildings is achieved by an ever increasing number of ﬂoodPlease cite this article as:Monbaliu, J., et al., Risk assessment of estuaries un
http://dx.doi.org/10.1016/j.coastaleng.2014.01.001gates in the lower levels of the buildings. Providing this protection is
left to the land owners.
The HafenCity site will be realized in development and building
stages of various scales. The artiﬁcial dwelling mound solution is a suit-
able solution for phased development, because even singlemounds pro-
vide complete protection. On the other hand not all buildings and street
connections can be shifted onto an artiﬁcial dwelling mound, so that
ﬂood protection measures at single buildings have to be installed and
inundations of streets and infrastructures cannot be avoided (Fig. 9).
4.6. Hydrodynamic and ﬂood model
Flood maps for the HafenCity area were generated by using the nu-
merical model FVCOM (Finite Volume Coastal and Ocean Model).
FVCOM is a prognostic, unstructured-grid, ﬁnite-volume, free-surface,
3-D primitive equation coastal ocean circulation model developed by
joint efforts of UMASSD and WHOI. The details and results of the ﬂood
simulations are given in Ge et al. (2013). Two historical storm-
induced ﬂood events were simulated. The results showed a signiﬁcant
ﬂooding situation under the strong storm process, such as the 1999
storm. The extent of ﬂooding inHafenCitywill be signiﬁcantly increased
under short-, middle- and long-term sea-level rise (SLR) scenarios of
0.3 m, 0.5 m, and 0.9 m. Most of the additional ﬂooding occurs in
areas that are already ﬂooded under present conditions. These areas
are intentionally exposed to ﬂooding and consist of streets, low-lying
canals, embankments and historical buildings, which cannot be shifted
to the artiﬁcial dwelling mounds. The additional impacts of the mid-
and long-term scenarios result in higher water depths in the already
ﬂooded areas. The relatively highest increase of ﬂooded area results
from a SLR of 0.3 m. The maximum ﬂood water level in the 2085der climate change: Lessons fromWestern Europe, Coast. Eng. (2014),
Fig. 9. 2D SPR Land-Use map for HafenCity area, based on the development scheme and land-use plan (year 2010).
10 J. Monbaliu et al. / Coastal Engineering xxx (2014) xxx–xxxscenario (SLR = 0.9 m) is 6.80 m above German datum. In summary,
the peak ﬂood levels will rise according to the respective SLR, while
the ﬂooded area will increase by 18% (2025), 34% (2055) and 54%
(2085). The absolute values are 0.266 km2 (present), 0.314 km2
(2025), 0.356 km2 (2055), and 0.410 km2 (2085).
In contrast to the Dendermonde study site where a full 1D hydrody-
namic model was used in combination with a conceptual river modelFig. 10. SPR for Part A of the HafenCity area (
Please cite this article as:Monbaliu, J., et al., Risk assessment of estuaries un
http://dx.doi.org/10.1016/j.coastaleng.2014.01.001and accompanied by a separate inundation model, the hydrodynamical
modeling for the HafenCity study site was done with the 2D hydrody-
namic model FVCOM. The main reason for this was the fact that 2D
ﬂooding maps for the different parts of HafenCity were required. The
disadvantage of using this approach is that only a few selected events
(here two strong storms) can be simulated because of computational
demands.right side island on land-use map, Fig. 9).
der climate change: Lessons fromWestern Europe, Coast. Eng. (2014),
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As already mentioned, the SPR approach focused on an area with
readily available data andwhere ﬂooding can occur. This led to the con-
struction of a small-scale SPR model of the HafenCity, focusing on criti-
cal infrastructure and evacuation routes.
For this the HafenCity was divided into three parts (A, B and C— see
Fig. 9). The SPR for the Part A is illustrated in Fig. 10. For the implemen-
tation of this schematic and linkage diagram, the following information
was utilized:
• land-use map and development scheme of the year 2010;
• ﬂood maps for present and future scenarios;
• defense and evacuation plans;
• relevant administration boundaries.
Roads, railways and evacuation routes are seen as critical for the
ﬂood safety of this part. Since the HafenCity region is still under con-
struction, a validation of the ﬂood model is not possible. The SPR
model offers an alternative way of verifying ﬂood model results based
on expert opinion and local knowledge. For instance, the FVCOM nu-
merical model results for Part A of the HafenCity does not indicate
ﬂooding in the region of Elements 2–4, though these are shown as
linked to ﬂooded zones across Element 1 (road/evacuation route). The
FVCOM numerical model however does not resolve all small-scale ca-
nals and structures.
4.8. Findings
The HafenCity ﬂoodplain is unique amongst the three sites in that it
is a series of connected islands. The SPR analysis for Part A of the
HafenCity ﬂoodplain (Fig. 10) indicates an average of two ﬂood sources
for every exposed element and amaximumof four. The dominant direc-
tion of ﬂooding is 56° (clockwise from North— red arrow in Fig. 10). In
contrast themost vulnerable areas are affected by northern and eastern
ﬂood sources. Fig. 11 shows the distribution of land-uses across these
elements.
Global (climate change, e.g. sea level rise) and local (civil engineer-
ing, e.g. ﬂood defense, fairway adaptation) effects inﬂuence the ﬂood
risk in the Elbe estuary and the receptor area HafenCity in the same
order of magnitude. This holds for the normal (mean) and storm
surge conditions.
The SPRmodel of HafenCity highlights the sensitive receptors,which
in some cases were not identiﬁed in the ﬂood maps generated by the
FVCOM numerical model. This reﬂects the fact that it is virtuallyFig. 11. Land-use distribution of exposed elements in HafenCity Part A (far elements are
considered less exposed and division in terms of land use is omitted).
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SPR model within the numerical model layout. The SPR approach can
enable a better assessment of possible consequences of ﬂoods.
The sensitivity analysis of the receptor area can also be useful for the
optimization of evacuation routes and plans.Moreover the results of the
SPR analysis can be utilized in the next construction stages of HafenCity.5. The Gironde estuary
5.1. Current characteristics
The Gironde is the largest estuary in Europe with a surface area
of 635 km2. Saline water ﬂows upstream up to the conﬂuence of the
two rivers Garonne and Dordogne near Ambès. The distance from
there to the mouth of the estuary is about 75 km. However, tidal
waves are felt farther upstream, up to 170 km from the mouth, near
La Réole (Fig. 12).
Due to the funnel shape of the estuary, the tidal amplitude increases
when it propagates towards the continent. For average tides, the ampli-
tude is about 3.1 m at the mouth and goes up to 4.2 m in Bordeaux be-
fore decreasing again. The wave is strongly asymmetric, all the more so
upstream, with the ebb tide lasting for about 2/3 of the semi-diurnal
period.5.2. History and functions
The risk of ﬂooding has always been a major concern of authorities
along the estuary. Champion (1862) show that it was the case at least
since the 13th century with several consecutive ﬂoods of the Garonne
and Dordogne in 1212, 1310, 1425, 1523, 1536, and 1542. The most
damaging ﬂood occurred in April 1770, when about 24,000 km2 were
covered by water along the Garonne and Gironde, causing enormous
damage in the city of Bordeaux. Special aid was offered by the king to
help in the rehabilitation of the city. From this point, measures were
taken to limit the consequences of ﬂooding. However, they did not pre-
vent new strongﬂoods to occur in 1835 and in the following years, 1855
and 1856 and above all 1875 when 500 people lost their lives. In 1930
again, ﬂoods caused the destruction of 1000 houses and more than
300 human lives were claimed. In the last decades, three main events
are burnt in the memories of people: one in December 1981 mainly
due to strong river discharges in combinationwith high tidal amplitude,
then the Lothar andMartin storms in 1999 andmost recently the storm
Xynthia in 2010.
Repetitive ﬂoods led to an early adoption of preventive policies and
protection measures. However, previous experience show that those
policies still lack coordination at the scale of the estuary (de Vries
et al., 2010).
Contrary to other European estuaries, the estuary of Gironde still re-
lies very heavily on its natural functioningwith a unique ecosystem that
allows for the growth of special species of ﬁshes which are not found
elsewhere in France, like the European sea sturgeon. Those species are
threatened today by the contamination of river water and by strong an-
thropogenic pressure. Fishing is commonly adopted along the estuary
and it contributes to 6% of the total ﬁshing activity in France. A large
part of the coastal area is dedicated to vineyards. Industry is quite well
developed upstream of the estuary, with oil reﬁneries and chemical
industries near Ambès and a nuclear power plant near Blaye. Activities
in the tertiary sector are well developed near and in Bordeaux.
Themorphodynamic evolution of the bottom of the estuarywhich is
responsible for the creation of new islands and for the displacement of
current ones, has made navigation difﬁcult, but this did not prevent
Bordeaux from being the ﬁrst French harbor until the nineteenth centu-
ry. Today, two channels are dredged to allow for the arrival of ships in
Bordeaux, Pauillac and Verdon.der climate change: Lessons fromWestern Europe, Coast. Eng. (2014),
Fig. 12. View on the Gironde estuary. Land use is superimposed for the left bank only.
12 J. Monbaliu et al. / Coastal Engineering xxx (2014) xxx–xxx5.3. Fresh water input
At the mouth of the estuary, the total oscillating volume during a tide
is about 1.75 billion m3 and it decreases according to an exponential law
with respect to the distance to the mouth (Mignot, 1969). At the conﬂu-
ence, some 75 km upstream, this is reduced to 80 million m3 amongPlease cite this article as:Monbaliu, J., et al., Risk assessment of estuaries un
http://dx.doi.org/10.1016/j.coastaleng.2014.01.001which 52 million m3ﬂow to the Garonne and 28 million m3 ﬂow to the
Dordogne. In one year, it can be estimated that about 900 billion m3
enter in the estuary at the mouth, and about 35 billion m3 ﬂow through
a transverse section in Bordeaux.
In comparison, the average combined river discharges of Garonne
and Dordogne is 30 billion m3per year at the conﬂuence in Ambès. Atder climate change: Lessons fromWestern Europe, Coast. Eng. (2014),
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14 J. Monbaliu et al. / Coastal Engineering xxx (2014) xxx–xxxthis point, the river discharge is in the same range of value as the tidal
oscillating volume. The discharge of Garonne may exceptionally reach
a value of 8000 to 9000 m3/s, but usually does not exceed 4000 m3/s
with an average discharge of 620 m3/s. In summer, low ﬂows may
lead to discharges under 200 m3/s. Dordogne's discharges are lower
and seldom exceed 2000 m3/s with a yearly average value of 270 m3/s
in Bergerac.
The above ﬁgures show that the discharges of Garonne and
Dordogne rivers contribute in a substantial way to the level of ﬂood
risk along the estuary, especially upstream from the conﬂuence of the
two rivers in Ambès. During an interview at the beginning of the The-
seus project, the chief ﬁreman of the Gironde department in Bordeaux
indeed stated that the risk is due to the addition of four components:
high storm surges, high tides, strong winds and high river discharges.
Major events in the last three decades resulted from the combination
of three of those factors, but an extreme event combining all four causes
can still be expected.Fig. 14.Water levels for 100-year return period ﬂood, near the conﬂuence
Please cite this article as:Monbaliu, J., et al., Risk assessment of estuaries un
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Climate change is expected to have an impact on the hydraulic loads
on themouth of the estuary. One of its main consequences will be a rise
in the average level of sea. According to the French ofﬁce for studies on
climate change (ONERC, 2010), three scenarios have to be considered:
an optimistic one with a sea level rise of 0.40 m, a pessimistic one
with a rise of 0.60 cm, and an extreme one with a rise of 1 m, all rises
by the end of the century.
Waves and storm surgesmay also vary due to a change in the surface
winds on the Atlantic Ocean.Waves only have an inﬂuence on the rath-
er rural territories near the mouth of the estuary. For this source, two
hydraulic models were built using the Tomawac software, one over
the full Gascogne Golfe, the other centered on the Gironde estuary
(Morellato, 2010). Its resolution is between 1° offshore and 0.25° near-
shore. The model was forced with winds from both a global climate
model (ECHAM5) and the European one provided through the Theseusof the two rivers, for present conditions and three future time slices.
der climate change: Lessons fromWestern Europe, Coast. Eng. (2014),
Fig. 15. Large-scale SPR for Gironde estuary.
Fig. 16. Relative distribution of land-uses of exposed elements in Gironde FP (far elements
are considered less exposed and division in terms of land use is omitted).
15J. Monbaliu et al. / Coastal Engineering xxx (2014) xxx–xxxproject (Weisse et al., in press). Simulations were made for two time
slices: 1960–2000 to calibrate the model, and 2001–2100 to evaluate
how conditions will change. For the future period, two global climate
change scenarios from IPCCwere used: A1B and B1. A1Bhas amore eco-
nomic focus with a balance between fossil and non-fossil energy
resources,while B1 has amore environmental focus. The results, partial-
ly presented in Fig. 13, show that the average wave height tends to de-
crease until 2100, but variations are generally slight (between−10%
and −4%). The number of storms decreases a little while extreme
wave heights slightly increase (up to 3% for A1B scenario, 1% for B1 sce-
nario). These changes are quite small but seasonal analysis shows larger
variations, with a 10% increase of wave heights duringwinter and a 25%
decrease during summer.
Storm surgeswere correlatedwith localwinddata near themouth of
the estuary through a simple relation where the storm surge is a sum of
three terms, oneproportional to the square velocity of thewind, the sec-
ond proportional to the pressure, and a third constant term (Laborie
et al., 2012).
The coefﬁcients of this correlation were calculated on a set of 10 se-
lected extreme events with an average duration of twoweeks each. The
correlation function was then run for the next century, using as input
the CLM/SGA database for future winds (Weisse et al., in press). Those
calculations led to the conclusion that extreme storm surges generally
decrease in the future. 50 and 100-year return period surges decrease
by about 5 cm by 2050 and 8 cm by 2100.
There ismore uncertainty about the change in river discharges in the
future. In the absence of more detailed information, the discharges of
Garonne andDordognewere considered stationary during the next cen-
tury in the Theseus risk assessment.Please cite this article as:Monbaliu, J., et al., Risk assessment of estuaries un
http://dx.doi.org/10.1016/j.coastaleng.2014.01.0015.5. Flood protection and hazards
According to de Vries et al. (2010), dike management is very
fragmented along the estuary with for example more than 400 owners
for a stretch of 20 km. In total, there are 433 km of dikes with different
levels of protection on the study site. SMIDDEST, a syndicate of munici-
palities and local authorities, was established in 2001 with as main aim
building a consensual strategy for risk mitigation shared by all stake-
holders on the estuary. One of the ﬁrst actions of SMIDDEST supportedder climate change: Lessons fromWestern Europe, Coast. Eng. (2014),
16 J. Monbaliu et al. / Coastal Engineering xxx (2014) xxx–xxxby national government was the development of a large ﬂood database
on the Gironde (RIG), including a risk assessment and a numerical
model of the estuary. This tool served as a basis for the preparation of
the action plan for the prevention of ﬂooding (PAPI) which is a ﬁrst co-
ordinated policy for the reduction of the risk, including structural miti-
gation measures and non-structural options to limit the vulnerability
of the exposed areas. Now, 32% of dikes along the estuary are managed
by SMIDDEST and other syndicates of municipalities in amore homoge-
neous way (de Vries et al., 2010).
(Un)fortunately, recent events and especially the Xynthia storm
raised awareness of the need for a joint approach of risk mitigation. In
the aftermath of this Xynthia event, a global inspection of the
state of all dikes along the estuary was carried out. This showed
that the state of dikes varies a lot, with about 50% of them in good
condition, 30% in moderately-good condition and 20% in poor
condition.
5.6. Hydrodynamic and ﬂood model
The numerical model of the estuary developed in the framework of
the RIG (see above) was used to delineate the extent of extreme ﬂoods
in the estuary for present and future conditions. The model is a 2D
shallow-water model based on the Télémac software. It was adapted
to take into account dikes overﬂowing and to simulate theﬂood dynam-
ics in the ﬂood plain. It is however assumed that existing dikes do not
break during a ﬂood event. Themodel was calibrated over real observa-
tions between 1960 and 2000, and run between 2000 and 2100 using as
input the hydraulic loads established in the previous stage of the project
(see climate change section above).
Flood extents corresponding to different return periods between
1 year and 100 years were calculated for three future periods (2011–
2040, 2041–2070 and 2071–2100) by applying a peak-over-threshold
statistical analysis on the raw results of the simulation for each of the
13,621 nodes of the ﬁnite-element model. Outside the river bed, a
threshold of 1 cm was used, so that an event is qualiﬁed as extreme as
soon as there actually is water in the ﬂoodplain. A Gumbel distribution
was used to ﬁt the number of occurrences of extreme ﬂood events.
The Gironde Estuary is a very large area.Water levels corresponding
to return periods of 2, 5, 10, 20, 50 and 100 years have beenmapped for
three speciﬁc sites of interest. Those are located at themaritime frontier
of the model in the neighborhood of Le Verdon, at the conﬂuence be-
tween Dordogne and Garonne rivers and in Bordeaux and its surround-
ings. As an example the extent of the 100 year return period ﬂood is
illustrated in Fig. 14.
5.7. Schematic presentation of the SPR approach
The Gironde is an example of a much larger-scale application. In
Fig. 12 the large scale land use has construction of the SPR model
(Fig. 15). Only the left bank is shown here. It covers the length of the
Gironde estuary from the mouth to the city of Bordeaux and this is
mapped in the SPR model with the estuary as the main source of
ﬂooding. Historic coastal recession data and shoreline models identify
a potential breach location on the Atlantic Ocean side of the ﬂoodplain.
This is mapped as an additional source of ﬂoodingwhich becomesmore
likely as sea levels rise. The large-scale SPR (Fig. 15) is used to identify
the regions threatened by the potential breach. In addition, a detailed
small-scale model SPR was developed (not shown) using existing
local knowledge of designated ﬂood pathways to describe the ﬂood-
plain in case of the Atlantic Ocean breach. This full model has 97 recep-
tors, 5 sources, andmore than 200 pathways: it was used as the basis of
a Decision Support System as explained below.
In the large scale model, the sources are the ocean and the two riv-
ers. The ocean has two types of impacts: it can lead to the directﬂooding
of the areas west of the estuary (source S3), but tides and storm surges
that propagate into the estuary are secondary sources (S1 and S2).Please cite this article as:Monbaliu, J., et al., Risk assessment of estuaries un
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river discharges. The inﬂuence of tides is predominantly downstream
while the inﬂuence of river discharges is more important upstream.
Waves are only important right at themouth of the estuary. Further up-
stream, only water levels are involved in the ﬂooding processes.
5.8. Findings
Analysis of the large-scale 2D SPR indicates an average of one ﬂood
source per exposed element though the maximum is three. What is
most distinct in Fig. 15 is that the predominant ﬂood direction is directly
westward due to the dominance of the two riverineﬂood sources. How-
ever elements IN 1, AG-W 1 and AG 1 at the downstream end are affect-
ed by all 3 sources. Fig. 16 indicates the relative land-use distribution of
the exposed elements.
The SPR approach showed the variety of land-use conﬁgurations
that are exposed to ﬂooding in the estuary. It helped to identify the crit-
ical elements that were threatened, which are located in the city of Bor-
deaux and in the industrial areas north of Bordeaux near Ambès.
Moreover, it showed those sections that are exposed to three sources.
Local authorities therefore might need to prepare for a catastrophic
event stronger than the ones they have encountered so far, resulting
from the combination of the three sources. The SPR approach identiﬁed
the elements at stake. These should get the highest priority in the risk
mitigation policies.
TheGironde is one of the pilot sites of the Theseus project for the im-
plementation of the decision-support system (DSS), a software aimed at
informing coastal managers and decision makers about the costs and
consequences of different scenarios of risk mitigation, including struc-
tural protection measures and socio-economic policies (Zanuttigh
et al., 2013). The SPR approach developed here is used to deﬁne the el-
ements in the DSS. For each receptor unit in the SPR approach, a cost is
associated to a ﬂood event and is made of three components: a mone-
tary cost of material damages, the number of lives lost and an environ-
mental value index variation. Pathways are implemented in the
software through transfer functions which establish a relation between
the source (usually hydraulic variables such as water levels, water ve-
locities, speciﬁc wave heights,…) and the receptor (e.g. aggregated
ﬂood depth due to overtopping).
A mitigation measure comprises a list of possible actions taken by
the local authorities which have an impact either on the pathways in
the SPR model (mostly for structural measures), or on the receptor
units (mainly socio-economic policies). The source inputs remain the
same, whatever the measures.
TheDSS allows a comparison of differentmitigationmeasures. In the
Gironde area, themitigationmeasures tested are bothmeasures already
proposed by the local authorities in the framework of the action plan for
the prevention of ﬂooding (PAPI) (usually raising the level of dikes or
building new dikes), and new innovative measures using the technolo-
gies developed by the Theseus project (wave energy converters, rein-
forcement of dikes, managed realignment).
6. Discussion and conclusions
All three SPRs focus on the sources of ﬂooding when representing
the ﬂoodplain. The 2D SPRs show that the sites have potential ﬂood
sources, and thereforeﬂoodpathways, coming frommultiple directions.
Though all three sites are estuarine coastal regions, the nature of the
consideredﬂood sources and the subsequent risk analyses differ greatly.
Flood sources along the Scheldt combine extreme surge and river runoff
and these are considered also in the future climate scenarios. On the
other hand, the Gironde estuary SPR showed the potential emergence
of a third distinct ﬂood source from the open ocean which has not yet
been observed in past ﬂood events, but becomes more likely as sea
levels rise. In the Elbe estuary, the SPR identiﬁes the HafenCity area as
vulnerable due to the nature of the existing defenses and theder climate change: Lessons fromWestern Europe, Coast. Eng. (2014),
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seen to be distinct in their characteristics and in the nature and purpose
of their ﬂood risk assessments. Application of the SPR to these sites pro-
vided a common, structured methodology within which users can
frame their ﬂood risk analyses and models.
In all study sites emphasis has been on probability of ﬂooding with-
out consideration of dike failure. i.e. it is assumed that dikes do not fail.
The methodology can be extended to include dike failure provided that
probabilistic information for dike failure is available.
Although the sites are relatively close in planetary terms, it proved
impossible in practice to homogenize assumption on climate change
and sea level rise. The scenarios used for assessing the impact of climate
change but also the tools used to work out the hydrodynamics differed
from site to site. Themain reason for this is that the study sites are quite
different in concept, history and development of plans for protection of
coastal ﬂooding.
For the Dendermonde site use could be made of full hydrodynamic
models and simpler conceptual models for ﬂood propagation in
the river basins of the Scheldt and Dender. Conceptual models are cali-
brated to the full hydrodynamic models and allow for fast calculations
of different scenarios. For the Elbe river, a full 2D hydrodynamic
model has been used to study the details of ﬂood propagation in
HafenCity. Similarly the experience with the TELEMAC hydrodynamic
software and the TOMAWAC wave model, made it logical to choose
these models for ﬂood and wave impact studies in the Gironde estuary.
The expected effect of sea level rise is for all sites considered as the
most important source of worry for the future. In all sites a change in
tidal propagation along the river is expected that can be attributed to
sea level rise and expected changes in storminess and surge elevations.
Changes in tidal propagation are clearly visible from historic records
where both sea level rise and deepening for navigation purposes, have
increased the tidal range considerably, especially in the Elbe and the
Scheldt estuary. Due to the geometry of the estuary the dominant effect
is an increase of the high water levels along the Scheldt and a decrease
of the low water levels along the Elbe.
The application and analysis of the 2D SPR methodology revealed in
each of the study sites additional information relevant to ﬂood risk evalu-
ation. For the Scheldt estuary complete coastal ﬂood protection plans
have been developed and are expected to provide adequate protection
for the next few decades at least. The Dendermonde area falls under the
Sigma plan which is a comprehensive ﬂood defense plan including a so-
cial cost beneﬁt analysis. Nevertheless the Scheldt SPR exercise brought
insight and structure to the ﬂood risk analysis which is shaped by a com-
plex interplay and impact of downstream (coastal) and upstream (in-
land) controlled sources. For the Dendermonde study site, the climate
related expected changes in rainfall-runoff and in downstream surge
levels will have a combined impact on the area of Dendermonde. The
SPR approach ensured that basic assumptions about the ﬂoodplain are
made explicit. The HafenCity ﬂoodplain is unique among the three sites
in that even though the ﬂood sources are estuarine, the ﬂoodplain itself
is an island. The SPR analysis mapped some elements as potentially
ﬂooded, whichwere not identiﬁed in the 2D ﬂoodmodel. This is reﬂected
in the greater number of ﬂood sources (an average of two per exposed el-
ementwith amaximumof four). The land-use pie chart for thisﬂoodplain
not only showed the expected high degree of urbanization but also a large
percentage of critical elements including evacuation routes exposed to
the ﬂood sources. In contrast in the Gironde case study, the SPR was
very effective in mapping different designated and non-designated
ﬂood pathways as a result of estuary ﬂooding and Atlantic Ocean breach
succinctly. The SPR method proved to be a quick and effective way of
combining and mapping diverse information.
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